The phylogeny and evolution of the Arctium-Cousinia complex, including Arctium, Cousinia as one of the largest genera of Asteraceae, Hypacanthium and Schmalhausenia, is investigated. This group of genera has its highest diversity in the Irano-Turanian region and the mountains of Central Asia. We generated ITS and rpS4-trnT-trnL sequences for altogether 138 species, including 129 (of ca. 600) species of Cousinia. As found in previous analyses, Cousinia is not monophyletic. Instead, Cousinia subgg. Cynaroides and Hypacanthodes with together ca. 30 species are more closely related to Arctium, Hypacanthium and Schmalhausenia (Arctioid clade) than to subg. Cousinia (Cousinioid clade). The Arctioid and Cousiniod clades are also supported by pollen morphology and chromosome number as reported earlier. In the Arctioid clade, the distribution of morphological characters important for generic delimitation, mainly leaf shape and armature and morphology of involucral bracts, are highly incongruent with phylogenetic relationships as implied by the molecular data. No taxonomic solution for this conflict can be offered, and the characters named are interpreted as homoplasious. Although phylogenetic resolution in the Cousinioid clade is poor, our ITS and rpS4-trnT-trnL sequences contain some phylogenetic information. For example, the six annual species of the Cousinioid clade fall into two groups. Poor phylogenetic resolution probably results from lack of characters and the high number of taxa in this species-rich and comparatively young (ca. 8.7 mya) lineage. We hypothesize that speciation in the Cousinioid clade was mainly allopatric.
INTRODUCTION
The Arctium-Cousinia complex (Compositae, Cardueae-Carduinae) in its most recent circumscription (Susanna & Garcia-Jacas, 2007 ) is a natural group composed of four genera. The largest genus of the group, one of the largest of the Compositae and among the 50 largest of flowering plants (Frodin, 2004) , is Cousinia Cass. with more than 600 species (Mabberley, 2008) . The other genera of the complex are Arctium L. (incl. part of Cousinia, see below) with 27 species, Hypacanthium Juz. with two species (Tscherneva, 1982) and the monotypic Schmalhausenia C. Winkl. Lipskyella Juz. and Tiarocarpus Rech. f., recognized as separate genera by Häffner (2000) , were included in Cousinia by Susanna & Garcia-Jacas (2007) .
Three characters never found in combination elsewhere in the tribe characterize this complex according to Susanna & al. (2003a) . The receptacle has strongly twisted scales, the achenes are always streaky (with wavy fringes), very often winged and without a nectary, and the pappus is formed by free deciduous bristles.
According to Rechinger (1986) and Knapp (1987) , the vast majority of species of the Arctium-Cousinia complex is distributed in the Turkestan mountain region (Tien Shan and Pamir-Alay) and the Irano-Turanian region (Fig. 1 ; the "Oriental-Turanian Floristic Region" of Meusel & al., 1965) . Within this range, following Knapp (1987) , most species of Cousinia subgg. Cynaroides and Hypacanthodes grow only in the mountainous terrain of the Pamir-Alay range and in the western Tien Shan in Central Asia. The two species of Hypacanthium are endemic to the western Tien Shan, and the monotypic Schmalhausenia is endemic to the subalpine and alpine zone in the northern Tien Shan. Arctium s.str. is Eurosiberian in distribution. Those species of Cousinia included in Arctium by Duistermaat (1996) and Susanna & Garcia-Jacas (2007; see below) are, like the remainder of Cousinia, distributed in Central Asia.
Both morphological (Boissier, 1875; Kuntze, 1891; Dittrich, 1977; Tscherneva, 1988a-c; Duistermaat, 1996 Duistermaat, , 1997 Petit & al., 1996; Petit, 1997; Häffner, 2000) and molecular (Häffner & Hellwig, 1999; Susanna & al., 2003a Susanna & al., , 2006 analyses of the Arctium-Cousinia complex concluded that the limits between the biennial Arctium and the perennial, biennial and only rarely annual Cousinia are unclear. This resulted in many reclassifications with many species changing generic affiliation. As one extreme, Kuntze (1891) proposed the classification of all species of Cousinia in Arctium.
The difficulties in generic delimitation arise from the incongruent distribution of several morphological, pollen, karyological and molecular characters.
Arctium has leaves which are always unarmed, often large (to 80 cm), and usually cordate. Such leaves are also found in Cousinia subg. Cynaroides (with the exception of Cousinia korolkovii Regel & Schmalh., C. haesitabunda Juz. and C. chlorantha Kult. with lanceolate leaves) and C. grandifolia Kult. of Cousinia subg. Hypacanthodes. This group of Cousinia species was referred to as the "Arctioid" group by Duistermaat (1996) . In contrast, Cousinia subg. Cousinia, nine species of subg. Hypacanthodes, all species of Hypacanthium and the monotypic Schmalhausenia have smaller leaves which usually are lanceolate and often very spiny. In Arctium and part of Cousinia subg. Cynaroides involucral bracts always end in a recurved hook whereas in most other species of Cousinia involucral bracts end in an unhooked spine. Whereas in species with hooked involucral bracts usually the entire capitulum is dispersed as a burr adhering to passing animals, most species of Cousinia release their achenes and/ or disperse as tumbleweeds. As regards floral morphology, Duistermaat (1996) observed that the stigma of Cousinia subg. Cousinia is very different from that of Arctium and the "Arctioid" species of Cousinia. Whereas in the former the apical part of the style and the stylar branches are covered with long hairs, and a ring of sweeping hairs at the articulation of the base of the stylar apex is absent, the style is glabrous and cylindrical in the latter, and a ring of sweeping hairs is present at the thickened articulation. Häffner (2000) noted that a ring of sweeping hairs is also absent in Schmalhausenia. Outer florets in Arctium often have long and brightly coloured anther-tubes. Many species of Cousinia have brightly coloured appendages in the innermost involucral bracts, recalling those of Carlina L. This distribution of characters (leaf, involucral bract, style morphology) led Duistermaat (1996) to the conclusion that the obviously "Arctioid" species of Cousinia should be transferred to Arctium within which their sectional classification by Tscherneva (1988a-c) should be retained. However, later Duistermaat (1997) vaguely suggested that all species of Cousinia subg. Cynaroides could be placed in Arctium. This latter proposal was followed by Susanna & Garcia-Jacas (2007) but does not solve the problematic placement of Hypacanthium, Schmalhausenia and Cousinia subg. Hypacanthodes. Schtepa (1966 Schtepa ( , 1976 and Kuprianova & Tscherneva (1982) found that Cousinia subgg. Cynaroides and Hypacanthodes have orbicular and spiny pollen grains similar to those of Arctium, which they called the Arctiastrum pollen type, whereas Cousinia subg. Cousinia has oblong and smooth pollen grains which they called the Cousinia pollen type. Schmalhausenia (Susanna & al., 2003a) as well as Hypacanthium (S. López-Vinyallonga, unpub. data) have the Arctiastrum pollen type.
According to Duistermaat (1996) , Arctium always has x = 18 and 2n = 36 chromosomes. This number is also found in all species studied of Cousinia subgg. Cynaroides and Hypacanthodes (Tscherneva, 1985) and in Schmalhausenia according to Susanna & al. (2003b) , and is perfectly correlated with the Arctiastrum pollen type. In contrast, Cousinia subg. Cousinia, with the Cousinia pollen type, has 2n = 18, 20, 22, 24 and 26 chromosomes according to Ghaffari & al. (2006) and earlier authors. Finally, a DNA sequence analysis by Susanna & al. (2003a) grouped all species with 2n = 36 chromosomes and the Arctiastrum pollen type in a monophyletic clade, the Arctioid clade, and species with 2n = 22, 24 and 26 and the Cousinia pollen type in a second monophyletic clade, the Cousinioid clade.
In summary, pollen morphology, chromosome number and DNA data imply a subdivision of the Arctium-Cousinia complex into two major lineages which are not congruent with overall morphology particularly because parts of Cousinia subgg. Cynaroides and Hypacanthodes (Arctioid clade) are more similar to subg. Cousinia (Cousinioid clade), and other parts (the Arctioid species) are more similar to Arctium.
Of the genera and lineages introduced above, Cousinia subg. Cousinia is most remarkable by containing a high number of species in a comparatively small geographical area. After establishment of Cousinia by Cassini (1827), Candolle (1838) recognized 34 species, Bunge (1865) 126 species, Boissier (1875 Boissier ( , 1888 141 species (in the Flora Orientalis area), Winkler (1892, 1897) 267 species, and an additional 30 species were added in several publications by Bornmüller (1896 -1941 listed by Rechinger, 1953) . In her treatment of Cousinia for the Flora of the USSR, Tscherneva (1962) recognized about 262 species in about 50 sections, and in his treatment of the genus for Flora Iranica, Rechinger (1972) placed more than 350 species in 58 sections. A careful comparison of the systems of Rechinger (1953, 1972, 1979) and Tscherneva (1962 Tscherneva ( , 1988a reveals an approximate number of ca. 630 species in 70 sections and three subgenera. Of these 630 species, ca. 600 belong into subg. Cousinia.
The molecular analysis of the Arctium-Cousinia complex by Susanna & al. (2003a) included 21 species of Cousinia subg. Cousinia, 1 species of subg. Hypacanthodes and 5 species of subg. Cynaroides. By increasing the sample of Cousinia subg. Cousinia to 106 species (of ca. 600), of subg. Hypacanthodes to 6 species (of 10) and of subg. Cynaroides to 14 species (of 20), where the sample included represents the large majority of subgeneric units recognized by Tscherneva (1962 , 1988c ) and Rechinger (1953 , 1972 , 1979 , we pursue several aims. First, we want to investigate whether the subdivision of the Arctium-Cousinia complex into two lineages, the Arctioid clade with Arctium s.str., Cousinia subgg. Hypacanthodes and Cynaroides, Hypacanthium and Schmalhausenia, and the Cousinioid clade with Cousinia subg. Cousinia as found by Susanna & al. (2003a) and as supported by pollen morphology, chromosome number and DNA sequence data can be verified with a strongly enlarged species sample. Second, we aim at obtaining a better understanding of phylogenetic relationships within the Arctioid clade in order to resolve the character incongruences discussed above and to arrive at a new generic classification of this clade. Third, we want to investigate phylogenetic relationships within the large subg. Cousinia. The last aims both at examining the validity of the sectional (and subsectional) classification of this group as proposed by Tscherneva (1962 Tscherneva ( , 1988a and Rechinger (1953 Rechinger ( , 1972 Rechinger ( , 1979 , and at providing a basis for discussing possible evolutionary mechanisms underlying the species-richness of subg. Cousinia.
MATERIAL AND METHODS
Plant material. -Samples for analysis were obtained either from silica-gel dried leaves of specimens collected in the wild, from fresh plants cultivated at the Botanic Institute of Barcelona, or from herbarium specimens deposited mainly in B, BC, JE, KAS, LE, M, and MJG (Appendix 1). The data described and discussed here are based on a sample of 138 species for which both ITS and rpS4-trnT-trnL could be obtained. These 138 species represent 60 sections of Cousinia (out of 70 described by Rechinger, 1972 , 1979 , and Tscherneva, 1988a , three species of Arctium and one each of Hypacanthium and Schmalhausenia. Four outgroup taxa were selected on the basis of previous analyses of the group Susanna & al., 2006) . These were Saussurea elegans Ledeb., S. maximowiczii Herder, Jurinea albicaulis Bunge and J. humilis (Desf.) DC. Eighty additional species were sequenced for ITS and 19 for rpS4-trnT-trnL. Results obtained for this additional sample are not presented and discussed only briefly. Voucher data and sources of material of the above 138 species are given in Appendix 1. Some of the ITS sequences were taken from previous studies but all rpS4-trnT-trnL sequences were newly generated. DNA extraction, amplification and sequencing. -Total genomic DNA was extracted either following the protocol of the CTAB method of Doyle & Doyle (1987) and Culling (1992) , or following the manufacturer's protocols of the NucleoSpin ® Plant Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) or QIAprep ® Miniprep (Qiagen Inc., Valencia, California, U.S.A.).
nrDNA ITS. -Double-stranded DNA of the internal transcribed spacer region (ITS1, 5.8S, ITS2) was amplified using 18S as forward primer and 28S as reverse primer (Muir & Schlötterer, 1999) . Reactions were performed in 25.0 μl volumes with 10% 10× Biotherm buffer, 5% 50 mM MgCl 2 (GeneCraft, Münster, Germany), 2% of 20 mM dNTPs mix, 2% of each primer at 25 pmol/μl conc., 1.0 unit (0.2 μl) BioTherm™ polymerase (Gene-Craft) and 1.0 μl of template DNA (30-60 ng/μl). This was filled up to 25.0 μl with distilled sterilized water. In some cases 1.0 μl DMSO (dimethyl sulfoxide) per reaction tube was added to improve PCR amplifications (Frackman & al., 1998) . The profile used for amplifications consisted of a preheat for 60 s at 94°C, followed by 35 cycles of 94°C for 18 s, 52°C for 30 s, and 72°C for 60 s and a post-treatment of 78 s at 52°C plus 8 min at 72°C. PCR products were purified using the NucleoSpin ® ® Extract Kit (Macherey-Nagel, Düren, Germany) following the manufacturer's protocol.
Cycle sequencing reactions were conducted using 0.5-2.5 μl of the purified PCR product and ABI-PRISM ® BigDye™ Terminators v3.0 Cycle Sequencing Reagents (BD 3.0 in 10 ml reactions) for 30 cycles for 10 s at 96°C and 4 min at 55°C. Sequences were detected on automated sequencers (ABI 373 or 377).
For sequence analysis, ITS fragments were edited and assembled with the aid of Sequencher 4.1.2 (Gene Codes Corporation, Ann Arbor, Michigan, U.S.A.). Edited sequences were aligned with MacClade 4.1 (Maddison & Maddison, 2000) .
cpDNA rpS4-trnT-trnL. -The double-stranded DNA intergenic spacer rpS4-trnT-trnL was amplified by PCR with rpS4R2 (Shaw & al., 2005 ), trnL-b (Taberlet & al., 1991 , trnA2 (Cronn & al., 2002) and trnA2R (5′-AGG TTA GAG CAT CGC ATT TG-3′ designed for this study) as PCR primers. When the rpS4R2 (forward)/ trnL-b (reverse) primer combination failed to generate double-stranded products, two separate PCR reactions were performed with the following primer combinations: rpS4R2/trnA2R (reverse) and trnA2(forward)/trnL-b. Reactions were performed in 25.0 μl volumes with 10% 10× AmpliTaq buffer, 10% 50 mM MgCl 2 , 10% of 20 mM dNTPs mix, 2% of each primer at 25 pmol/μl conc., 1.0 unit (0.2 μl) AmpliTaq DNA polymerase (Applied Biosystems, Foster City, California, U.S.A.), and 5.0 μl of template DNA (30-60 ng/μl). The volume was filled up to 25.0 μl with distilled sterilized water. The profile used for amplification consisted of a preheat for 1 min 35 s at 95°C, followed by 35 cycles of 95°C for 1 min 30 s, 52°C for 1 min 30 s and 72°C for 2 min and a post-treatment of 10 min at 72°C.
Double-stranded PCR products were purified with either the QIAquick ® Purification Kit (Qiagen Inc., Valencia, California, U.S.A.) or DNA Clean & Concentrator-5 (Zymo Research, Orange, California, U.S.A.) following the manufacturer's protocols. Direct sequencing of the amplified DNA segments was performed using 0.5-1.0 μl of the purified PCR product with a "Big Dye ® Terminator v3.1 kit" (Applied Biosystems, Foster City, California, U.S.A.). The profile used consisted of a hot start at 96°C for 1 min followed by 25 cycles of 10 s at 96°C, 5 s at 50°C and 4 min at 60°C. Nucleotide sequencing was performed at the Serveis Científico-Tècnics of the University of Barcelona on an ABI PRISM 3700 DNA analyzer (Applied Biosystems, Foster City, California, U.S.A.). Nucleotide sequences were edited with Chromas 2.0 (Technelysium Pty. Ltd., Tewantin, Australia) and aligned visually by sequential pairwise comparison (Swofford & Olsen, 1990) .
Data matrices are available on request from the corresponding author.
Analyses. -Bayesian Inference. -Bayesian analyses of the ITS1 + ITS2, rpS4-trnT-trnL and combined ITS1 + ITS2 + rpS4-trnT-trnL datasets were performed with MrBayes software package 3.0b4 (Huelsenbeck & Ronquist, 2001) . Bayesian analyses consist of maximum likelihood (ML) comparisons of trees where tree topology and ML parameters are permuted using a Markov Chain Monte Carlo method and sampled periodically. The sample trees are drawn from a posterior probability distribution (Huelsenbeck & Ronquist, 2001) . In order to select the best-fit model of substitution, the program Modeltest 3.5 was used (Posada & Crandall, 1998 , 2001 .
Following the results for DNA evolution of our data as indicated by ModelTest, the ML parameters in MrBayes were set as follows: Nst = 6, Rmat = for ITS dataset: A-C = 0.7720, A-G = 2.7242, A-T = 1.2057, C-G = 0.3372, C-T = 9.8048, G-T = 1.0000 (Proportion of invariable sites [I] = 0.1915; Gamma distribution shape parameter = 0.6024; Model selected: SYM + I + G); for rpS4-trnT-trnL dataset: A-C = 0.4777, A-G = 0.6338, A-T = 0.0968, C-G = 0.6238, C-T = 1.1010, G-T = 1.0000 (Proportion of invariable sites [I] = 0.5280; Gamma distribution shape parameter = 0.9553; Model selected: GTR + I + G); for ITS + rpS4-trnT-trnL combined dataset: A-C = 0.5621, A-G = 1.2123, A-T = 0.3214, C-G = 0.3810, C-T = 5.0583, G-T = 1.0000 (Proportion of invariable sites [I] = 0.5978; Gamma distribution shape parameter = 0.5788; Model selected: GTR + I + G) and Rates = gamma.
The Markov Chain Monte Carlo process was set so that four chains ran simultaneously for 2,000,000 generations, with trees being sampled every 100 generations for a total of 20,000 trees in the initial sample. As ''stationarity'' was achieved by the 3,000th tree, the first 3,000 trees were discarded and the posterior probability of the phylogeny and its branches was determined from the remaining 17,000 trees. Internodes with posterior probabilities ≥ 95% were considered to be well-supported.
Parsimony and Maximum Likelihood. -For the combined dataset (138 taxa), a parsimony analysis and a maximum likelihood analysis (ML) were performed with PAUP Version 4.0b10 (Swofford, 2002) . For the parsimony analysis, due to the impracticability of performing standard analyses on our large dataset, we used the PAUPRat approach (Nixon, 1999; Sikes & Lewis, 2001 ), a tool for implementing Parsimony Ratchet searches using PAUP. Rather than performing many thorough and independent heuristic searches, the Ratchet performs what amounts to a single long search comprising a series of short heuristic searches. We have performed 200 iterations with TBR branch swapping. All most parsimonious trees (MPT) were saved and PAUP was used for computing a strict consensus tree. For the strict consensus tree, consistency index (CI), retention index (RI) and homoplasy index (HI), all excluding uninformative characters, have been calculated.
A bootstrap analysis (BS) (Felsenstein, 1985) was done to obtain support estimates for the nodes in the strict consensus tree. The analysis was performed using the approach by Lidén & al. (1997) using 1,000 replicates, random taxon addition with 10 replicates per replicate and no branch swapping.
For the ML analysis, we started with a tree generated by Neighbor Joining (NJ) and used the SYM + G (Zharkikh, 1994) evolutionary model which best fits the data according to MrModeltest 2.2 (Nylander, 2004) . Because of the large size of our dataset we accelerated the analysis using a ratchet approach according to the following parameters suggested by Morrison (2007) : SPR branch swapping, re-weight 25% of the characters, 10 iterations of re-weighting, ApproxLim no more than 2% which indicates that approximate scores within 2% of the optimum will be evaluated fully, and MULTREES inactivated.
Partition homogeneity test. -In order to investigate whether the ITS and rpS4-trnT-trnL datasets can be combined, a partition homogeneity test (Farris & al., 1994;  implemented in PAUP* 4.0b10; Swofford, 2002) with 10 homogeneity replicates, 10 random addition sequences, tree-bisection-reconnection (TBR) branch swapping on best only and MULTREES on was performed. In order to explore the congruency of the two datasets further, the congruency of individual clades with ≥ 0.95 PP found in the ITS and rpS4-trnT-trnL datasets was compared.
Molecular clock analysis. -A likelihood ratio test (Felsenstein, 1988) was performed on the tree resulting from the ML analysis (1,000 random addition sequence, TBR and MULTREES on, after Zhang & al., 2007) of the ITS dataset. Modeltest 3.5 (Posada & Crandall, 1998) was used to perform the likelihood ratio test comparing the log-likelihood scores of the tree with and without enforcing a molecular clock. Degrees of freedom were equal to s -2 where s equals the number of taxa in the analysis. A significant difference at the 0.01 level between two scores was observed. Following this, PAUP* 4.0b10 (Swofford, 2002) was used to calculate genetic distances among taxa. After eliminating all taxa with large genetic distances to Saussurea elegans, a clock-like tree with 112 taxa was obtained.
As we could not identify appropriate fossils of the study group to calibrate our molecular clock tree (but see below), published ITS substitution rates were used for calibration. According to Kay & al. (2006) , ITS substitution rates in herbaceous angiosperms vary between 1.72 × 10 -9 -9 to 8.34 × 10 -9 -9 (mean = 4.13 × 10 -9 -9 ) substitutions/site/year. The approximate age of seven nodes of our molecular clock tree was determined using the above three rates.
RESULTS
Partition homogeneity test. -No significant incongruence (P = 0.01) between the two datasets was detected in the partition homogeneity test.
The clades with ≥ 0.95 PP found in the ITS and rpS4-trnT-trnL trees, respectively, in the majority of cases are not congruent among the trees (Figs. 2, 3; Appendix 2). Thus, of the seven clades (or nested subclades) found in the rpS4-trnT-trnL tree, only one (clade 1) is found in the ITS tree (clade 8, containing one additional species). The remaining six clades are not present in the ITS tree, and the constituent species are separated by at least one branch with ≥ 0.95 PP. Equally, of the 28 clades found in the ITS tree, only three clades (clades 2, 9, 17) plus two species of one clade (clade 8) are recovered as clades with ≥ 0.95 PP by the rpS4-trnT-trnL data. The third species of clade 8 of the ITS tree, C. gmelinii C. Winkl., is separated from the other two species by several branches in the rpS4-trnT-trnL tree although none of these has ≥ 0.95 PP. The remaining 24 ITS clades are not present in the rpS4-trnT-trnL tree, and in 13 of these clades the species constituting the ITS clades are separated by at least one branch with ≥ 0.95 PP in the rpS4-trnT-trnL topology. Considering the results of this clade-by-clade comparison, the finding of congruency between the two datasets by the partition homogeneity test is somewhat surprising.
Phylogenetic analysis. -The numerical results of the analyses of the ITS, rpS4-trnT-trnL and combined ITS + rpS4-trnT-trnL datasets are given in Table 1 . The individual datasets were analyzed with Bayesian inference (BI), and the combined dataset with Maximum Parsimony (MP), Bayesian inference (BI) and Maximum Likelihood (ML). The results of the analyses of all three datasets with BI are shown in Figs. 2-4, the result of the MP analysis is partially shown in Fig. 6 (only the Arctioid clade) and the results of the ML analysis of the combined dataset are not shown.
All analyses confirmed the monophyly of the Arctium-Cousinia complex. Support for this was strong in the MP and BI analyses (BS = 89%, PP = 1.00). Except for the BI analysis of rpS4-trnT-trnL alone, all analyses also show a clear subdivision of the complex into three groups: an Arctioid clade moderately supported by BS but well The Arctioid clade. -The description of the Arctioid clade is based on the tree obtained from the MP analysis of the combined dataset (Fig. 6 ). This tree is essentially congruent with the BI tree but better suited for character mapping. Within the Arctioid clade relationships among species are reasonably well resolved and this clade is subdivided into two subclades (Fig. 6 ). The first subclade, with moderate BS (80%) but strong PP support (1.00) is formed by most species of Cousinia subgg. Cynaroides and Hypacanthodes. This subclade consists of an unresolved polytomy containing four species of subg. Hypacanthodes (C. egregia Juz., C. dolichophylla Kult., C. abolinii Kult. ex Tscherneva, C. macilenta Winkl.) in two lineages plus a well-supported clade (BS = 90%, PP = 1.00) formed by most of species of subg. Cynaroides which in turn fall into two unsupported subgroups. The second subclade also has good support (BS = 81%, PP = 1.00) and is formed by Arctium together with C. arctioides Schrenk of subg. Cynaroides (BS = 92%, PP = 1.00), Cousinia grandifolia Kult. of subg. Hypacanthodes, Schmalhausenia and Hypacanthium. Relationships in the Arctioid clade as described above are essentially similar in the BI analyses of the ITS and combined dataset and in the ML analysis of the combined dataset.
The Cousinioid clade. -Relationships among species in the Cousinioid clade are essentially unresolved in the MP analysis of the combined dataset. Resolution is better in the BI analyses of the ITS and combined datasets and will be further discussed below (see Discussion).
Molecular clock analysis. -The results of our molecular clock analysis are shown in Table 2 and Fig. 5 . Mai (2001) reported fossil Arctium achenes from a German Miocene locality. The age of this fossil can be dated to 7-9 mya (V. Wähnert, pers. comm.) . Considering that the achenes of Arctium can not be reliably distinguished from those of the other genera of the Arctium-Cousinia complex, this fossil essentially is compatible with the ages calculated for the complex with all three ITS substitution rates. When considering the occurrence of this achene in Germany, and assuming that the geographical distribution of the complex in the past was similar to its distribution today, with Arctium being the only genus occurring in Europe, the fossil probably is best assigned to Arctium. This would imply that of the three ITS substitution rates used for the calibration of the molecular clock, the mean rate fits best. With this rate, the clade containing Arctium (node F in Fig. 5 ) was dated to ca. 6.3 my (crown group age). Based on the above considerations, we will refer mainly to ages obtained when using the mean ITS substitution rate in the following discussion, and these ages are also indicated in Fig. 5 .
DISCUSSION
The Arctium-Cousinia complex. -As already found by previous authors (Susanna & al., 2003a; Susanna & Garcia-Jacas, 2007) , the Arctium-Cousinia complex clearly is monophyletic with good support in the MP and BI analyses (BS = 89%, PP = 1.00). In all analyses except the BI analysis of rpS4-trnT-trnL a division into three groups, the Arctioid clade, the Cousinioid clade and Cousinia tenella was found.
When comparing the Arctioid and Cousinioid clades, two major differences can be observed. First, whereas intraclade relationships are reasonably well-resolved in the Arctioid clade, very little resolution was obtained in the Cousinioid clade. Considering that the two clades are sister to each other, and that crown group diversification of the two clades started at approximately the same time (mean rate: Arctioid clade: ca. 9.7 mya, Cousinioid clade: ca. 8.7 mya; Table 2), differential age of the two groups can not be advocated as explanation for the difference in phylogenetic resolution. Instead, we believe that the striking difference in species number is responsible for the difference (Kay & al., 2006). in phylogenetic resolution. If the Cousinioid clade were to be reduced to a random sample of species equal in number to that of the Arctioid clade, phylogenetic resolution probably would be greatly improved. Indeed, this prediction is to some extent confirmed by the data of Susanna & al.
(2003a), who obtained some phylogenetic structure among the 21 species of the Cousinioid clade included in their analysis. Second, presumably plesiomorphic and apomorphic characters are distributed unevenly across the two clades. Whereas the spiny pollen (and possibly also long stigmata) of the Arctioid clade can also be found in Jurinea and Saussurea (Punt & Hoen, 2009) as closest relatives of the Arctium-Cousinia complex, the short stigmata and smooth pollen of the Cousinioid clade appear to be apomorphic. In other groups of Cardueae, pollen morphology is associated with the pollen presentation mechanism. In Centaureinae (Garcia-Jacas & al., 2001; Vilatersana & al., 2001) , basal groups have spiny pollen and long, usually dry stigmata and lack a touch-sensitive pollen presentation mechanism. More derived groups have very short, sticky stigmata and smooth pollen, and this is associated with touch-sensitive pollen presentation. We hypothesize that a similar transition of characters has taken place in the Arctium-Cousinia complex. As regards chromosome numbers, the Arctioid clade is rather stable with a base chromosome number of x = 18. Much in contrast to this, considerable descending dysploidy (x = 9, 10, 11, 12, 13) is found in the Cousinioid clade. Of the closest relatives of the complex, Jurinea has a base chromosome number of x = 17 and Saussurea of x = 13. In general, basal Carduinae have higher chromosome numbers. The distribution of chromosome numbers in comparison of the Arctioid and Cousinioid clades again is paralleled in subtribe Centaureinae where an evolutionary trend from high to low chromosome numbers has been reported (Garcia-Jacas & al., 2001) . Finally, it could be argued that the Arctioid and Cousinioid clades differ in habitat diversity. Whereas species of the Arctioid clade, with the obvious exception of the widespread colonizers mainly of Arctium, are more or less confined to high mountain habitats, species of the Cousinioid clade have diversified and grow in widely different habitats including semidesert areas, open hilly areas, alpine ecosystems, high altitude areas transitional between humid and semiarid ecosystems, oak forest floors and rarely in lowlands. Possibly the differential species richness of the Arctioid and Cousinioid clades on the one hand and the unequal distribution of plesiomorphic vs. apomorphic characters among the two clades are not only correlated but causally linked. However, whether transition to apomorphic characters in the Cousinioid clade is cause or effect of its higher species number can not be easily decided with the data available. The Arctioid clade. -As described in the introduction, the Arctioid clade can not be characterized morphologically beyond pollen and style morphology (neither chromosome number). Part of it (Arctium and four species of Cousinia subg. Cynaroides) have unarmed, large cordate leaves and involucral bracts ending in a recurved hook. Of the remainder of subg. Cynaroides, six species have leaves which are not cordate but involucral bracts ending in a hooked spine, and twelve species have involucral bracts ending in a straight spine. The distribution of these two characters precludes the morphological definition of a monophyletic Arctium. In subg. Hypacanthodes no species has either cordate leaves or hooked involucral bracts. The distribution of spiny leaves also runs across established generic and subgeneric boundaries. All species of Arctium and almost all species of Cousinia subg. Cynaroides have unarmed leaves, and only C. alberti Regel & Schmalh. and C. horrescens Juz. are spiny. In contrast to this, Schmalhausenia, Hypacanthium and Cousinia subg. Hypacanthodes (except C. grandifolia) have strongly spiny leaves.
A logical solution to the above character distribution would be to establish a broadly redefined Schmalhausenia including Hypacanthium and the spiny species of Cousinia subg. Hypacanthodes, and a broadly redefined Arctium including subg. Cynaroides and the unarmed C. grandifolia from Cousinia subg. Hypacanthodes. However, this solution clearly is not compatible with molecular evidence presented here. In fact, the tree topology (Fig. 6) suggests the recognition of two to four groups: (1) Schmalhausenia plus Hypacanthium, (2) Cousinia grandifolia, (3) Arctium incl. Cousinia arctioides and (4) the remaining species of Cousinia subgg. Cynaroides and Hypacanthodes. However, this solution is not compatible with morphological evidence. In conclusion, our declared aim to revise generic limits in the Arctioid clade on the basis of a larger taxon sample could not be achieved because of the molecular placement and morphology of the species of Cousinia subgg. Cynaroides and Hypacanthodes. When considering the distribution of leaf and involucral bract morphology across the phylogeny of the entire complex (Fig. 6) , it is obvious that either cordate and unarmed or spiny leaves and apically hooked or straight involucral bracts-these two characters are not always correlated -evolved several times in parallel. In view of the uncertainties in our phylogeny we did not try to formally optimize the evolution of these characters.
Interestingly, the only colonizing species of the Arctium-Cousinia group, i.e., most species of Arctium, have capitula with hooked involucral bracts. Such capitula are dispersed epizoochorously and may be direct cause of the colonizing success of the genus. However, some species with hooked involucral bracts are geographically limited to the Tien-Shan. It seems possible that the biennial habit of Arctium-most other species of the Arctioid clade are perennial-contributed to this colonizing success as already suspected by Duistermaat (1996) .
The sectional classification of Cousinia subg. Cynaroides and subg. Hypacanthodes is only partly supported by our results, and neither subgenus is monophyletic as presently circumscribed (Fig. 6) . One species of subg. Cynaroides, C. arctioides, is placed within the Arctium clade with good parsimony and Bayesian support (BS = 92%, PP = 1.00). This position is fully congruent with morphology as C. arctioides has unarmed leaves as well as involucral bracts ending in a recurved hook. We propose to follow the taxonomical criterion of Kuntze (1891) and Duistermaat (1996) which consider this species as Arctium arctioides (Schrenk) Kuntze. Apart from this, our phylogeny is largely congruent with the current sectional classification of subg. Cynaroides. The species of sect. Chrysis (C. medians Juz. through C. chlorantha) form a clade with low BS (75%) but high PP (1.0) support. However, this clade also includes C. anomala Franch. of sect. Ctenarctium. This grouping is not supported by morphological characters as C. anomala has involucral bracts ending in a hook and oblong-lanceolate leaves. Section Pseudarctium (C. pseudarctium Bornm. through C. amplissima Boiss.) is a strongly supported clade (BS = 99%, PP = 1.00) containing species with involucral bracts with hooked spines and large, soft and slightly pubescent leaves. Sections Oligantha and Pectinatae group together with BS < 50% but strong BI support (PP = 1.00). This grouping is not supported by any morphological characters and may result from the poor representation of sect. Pectinatae in our sample.
Two species of subg. Hypacanthodes were resolved in unexpected position. Thus, C. korshinskyi Winkl. of sect. Lacerae is part of the subg. Cynaroides clade discussed above and separated from the other species of sect. Lacerae included in the analysis (C. macilenta). This grouping is incongruent with morphology because C. korshinskyi is more similar to the rest of subg. Hypacanthodes than to subg. Cynaroides. Cousinia grandifolia is part of the clade containing Arctium, Schmalhausenia and Hypacanthium. In this case, this placement is well correlated with morphology. Cousinia grandifolia shares the possession of large, unarmed, oblong-ovate leaves with Arctium, and involucral bracts ending in a spine without hook with Schmalhausenia and Hypacanthium. With these characters C. grandifolia is somewhat intermediate between Arctium on the one hand and Schmalhausenia and Hypacanthium on the other hand.
The sectional classification of subg. Hypacanthodes is not confirmed by our data. Although the species of sect. Abolinia form a clade which is homogeneous morphologically, this clade has no statistical support. Cousinia macilenta and C. korshinskyi of sect. Lacerae are placed in two different and strongly supported clades (see above).
They had been placed in separate series of sect. Lacerae, Macilentae and Pterolepideae, by Tscherneva (1962) and differ in pubescence, height and branching of the stem, leaf size, capitulum pubescence, shape and texture of the involucral bracts and achene ornamentation.
The Cousinioid clade. -As evident from our Bayesian analyses of the ITS, rpS4-trnT-trnL and combined datasets (Figs. 2-4) , and also from the MP and ML analyses of the combined dataset (not shown), very little phylogenetic resolution can be obtained within Cousinia subg. Cousinia. Although a varying number of mostly small species groups with high support is recognizable in the different datasets, relationships among species groups are essentially unresolved.
In the following discussion, we first will explore in detail the phylogenetic information contents of our data. This we will do by examining whether clades with ≥ 0.95 PP are plausible in terms of traditional taxonomic assignment (as a proxy for morphological similarity) and/or geographical distribution by growing in the same general area. For this purpose, the following eight major centres of species diversity were defined ( Fig. 1) : Anatolian mountains, Zagros mountains, Elburz mountains, Kopet Dagh and mountains to the south, West Hindu Kush (C & W Afghanistan), East Hindu Kush (NE Afghanistan), Pamir-Alay and Tien-Shan (Rechinger, 1986; Knapp, 1987) . Second, we will investigate possible causes for the very limited amount of phylogenetic resolution obtained.
Phylogenetic information in the rpS4-trnT-trnL, ITS and combined datasets. -In the rpS4-trnT-trnL dataset, seven clades (or nested subclades) with ≥ 0.95 PP were obtained (Appendix 2). Of these, clades 3 and 4 are not plausible in terms of traditional taxonomic assignment or geographical distribution. Clade 1 is plausible in both terms, and clades 2-2a and 5-5a, with few exceptions (2-2a: C. araneosa DC., C. macrocephala C.A. Mey., C. gatchsaranica Mehregan, Assadi & Attar; 5-5a: C. oxiana Tscherneva, C. intertexta Freyn & Sint.), contain species from the Kopet Dagh area (S Turkmenistan, NE & E Iran and NW Afghanistan) and Central Asia, respectively, but of different sections of Cousinia subg. Cousinia. In the ITS dataset, 28 clades (or nested subclades) with ≥ 0.95 PP were obtained (Appendix 2). Of these, 16 are plausible both in terms of taxonomic assignment and geographical distribution, 2 are plausible in terms of taxonomic assignment only, 4 are plausible in terms of geographical distribution only, and the remaining 6 clades are not plausible in either terms. In the combined dataset, 28 clades (or nested subclades) with ≥ 0.95 PP were obtained (Appendix 2). Of these, 13 are plausible both in terms of taxonomic assignment and geographical distribution, 4 are is plausible in terms of taxonomic assignment only, 4 in terms of geographical distribution only, and the remaining 7 clades are not plausible in either terms.
To summarize the above considerations, our datasets do appear to contain some plausible phylogenetic information mainly in their distal branches. When considering terms of clade plausibility, it also appears that geographical distribution is a more reliable criterion for recognizing phylogenetic relatedness than traditional taxonomic assignment as also found in other studies (e.g., González-Albaladejo & al., 2005) .
Most interestingly, and in support of the above conclusion, the annual species (except C. pygmaea C. Winkl.which does not appear in the trees shown-and C. tenella which groups outside Cousinia subg. Cousinia in all our analyses, for discussion see below) group in one clade in the majority of our analyses. In the ITS dataset (Fig. 2) , C. bungeana, C. polytimetica and C. pusilla form one clade with 1.0 PP which is part of a polytomy also containing C. prolifera. In the rpS4-trnT-trnL dataset (Fig. 3) , C. prolifera Jaub. & Spach and C. polytimetica Tscherneva form one clade (0.93 PP) widely separated (although by no branch with ≥ 0.95 PP) from C. pusilla C. Winkl. and C. bungeana Regel & Schmalh. which are part of a large polytomy. In the Bayesian combined dataset (Fig. 4) these four annual species form one clade with 0.64 PP, of which C. bungeana, C. polytimetica and C. pusilla form a subclade with 1.0 PP. These four annual species are also recovered as a monophyletic group in the MP analysis of the combined dataset (50% BS; C. bungeana, C. polytimetica, C. pusilla: 96% BS; not shown), and C. bungeana, C. polytimetica and C. pusilla are recovered in the ML analysis of the combined dataset (not shown). The monophyly of the annual species (except C. pygmaea and C. tenella) in the combined dataset even more than the above considerations implies that our ITS and rpS4-trnT-trnL sequence data do contain limited but valuable phylogenetic information.
Possible causes for lack of phylogenetic resolution in Cousinia subg. Cousinia. -The first obvious reason for the lack of phylogenetic resolution obtained in the analyses of the ITS, rpS4-trnT-trnL and combined datasets is the small number of characters available in relation to the number of taxa analysed. For the 106 species included of Cousinia subg. Cousinia, the rpS4-trnT-trnL dataset yielded 21, the ITS dataset 143 and the combined dataset 140 parsimony informative characters (Table 1) . Although in theory the number of parsimony informative characters in the ITS and combined datasets would be sufficient to resolve a phylogeny of 106 species, they are not, because the characters show considerable homoplasy. Although the RI for the rpS4-trnT-trnL dataset is high (0.922), it is fairly low for the ITS (0.721) and combined datasets (0.711). The most likely reason for the lack of characters in Cousinia subg. Cousinia is its comparatively young age (Table 2, Fig. 5) in combination with its high species number. Thus, using the average substitution rate for ITS for herbaceous perennials (Kay & al., 2006) as to some extend justified by the age of the fossil Arctium achene by Mai (2001; see above) , a crown group age of ca. 8.7 my (node D) was found for Cousinia subg. Cousinia, and its major diversification started only ca. 7 mya (node E).
Considering the existence of a large number of closely related and often sympatric species with no obvious mechanism of reproductive isolation in Cousinia subg. Cousinia, hybridization and hybrid speciation seems possible and clearly would confound the reconstruction of phylogeny (Nieto-Feliner & al., 2001; Font & al., 2002; Vriesendorp & Bakker, 2005; Suárez-Santiago & al., 2007) . Based on the examination of literature reports of hybrids and intermediate forms and the morphological and molecular examination of some suspected hybrids, Mehregan & Kadereit (in press) concluded that although hybridization does occur in Cousinia, it seems to be comparatively rare in the genus. Thus, only 26 hybrids and 12 intermediate forms in Cousinia subg. Cousinia have been published (Tscherneva 1962; Rechinger, 1972 Rechinger, , 1979 . These hybrids and intermediate forms involve ca. 11% of the currently recognized species of Cousinia subg. Cousinia. The two hybrids examined in detail (C. shahvarica × C. decumbens, C. eryngioides × C. chrysochlora), confirmed by additivity of their ITS sequences, showed reduced pollen fertility. It is possible that hybridization is much more frequent but undetected because of lack of sufficiently detailed taxonomic knowledge and the existence of several morphologically very similar species. However, the complete absence of polyploid chromosome numbers in Cousinia subg. Cousinia among the 148 species analyzed (http://www-asteraceae.cla.kobe-u.ac.jp/search.html) implies that polyploid hybrid speciation played no role in the evolution of Cousinia subg. Cousinia. Nothing can be said about the evolutionary significance of homoploid hybrid speciation in this group.
In summary, there is little evidence that hybridization and/or hybrid speciation are important factors hindering the reconstruction of the phylogeny of Cousinia subg.
Cousinia.
The phylogeny and evolution of Cousinia subg. Cousinia. -As evident from the above discussion, very little can be said about the phylogeny of Cousinia subg. Cousinia. Although a number of species groups can be recognized which may well represent monophyletic lineages as judged from their taxonomic assignment and/or geographical distribution, relationships among species groups are entirely unclear and no major subdivision of Cousinia subg. Cousinia is evident from our data. This is most likely the result of paucity of phylogenetic informative characters contained in our ITS and rpS4-trnT-trnL datasets in relation to species number. This in turn is the result of the comparatively young geological age of the group in combination with its species richness. Apart from the recovery of a number of probably monophyletic species groups, our data contain valuable information about the evolution of annuality, a very rare condition in Cousinia subg. Cousinia. It appears that annuality originated twice in Cousinia subg. Cousinia. The first lineage of annuals, comprising C. bungeana, C. polytimetica, C. pusilla and C. prolifera has been discussed above and is well-nested within Cousinia subg. Cousinia. The second lineage comprises C. tenella and C. pygmaea and will be discussed further below.
With its comparatively young age and high species number Cousinia subg. Cousinia represents a massive radiation which is quite unusual because it took place in a comparatively small geographical area. Based on the results of an ongoing taxonomic revision of part of Cousinia subg. Cousinia (sect. Cynaroideae ; Mehregan & Kadereit, 2008) , mainly two conclusions can be drawn about the evolution of this group. First, it seems very likely that the number of species described (ca. 600) vastly overstates the number of existing species. Thus, our revision reduced the number of species in sect. Cynaroideae from 110 to 31. If reduction in species number by two-thirds eventually will also take place in other parts of Cousinia subg. Cousinia, it would still remain a large genus with about 200 species. Second, of the ca. 30 species recognized by Mehregan & Kadereit (2008) , only two are geographically widespread, namely C. calocephala Jaub. & Spach and C. onopordioides Ledeb. The remaining species have rather narrow and, most importantly, allo-or parapatric geographical ranges where species boundaries are marked by prominent topographical barriers. This may imply that the predominant speciation process in Cousinia subg. Cousinia may be geographical speciation. Today, the group is found mainly (but not exclusively) in vegetation types classified as 'Kurdo-Zagrosian and other steppe-forest climaxes' by Zohary (1973) . When this type of vegetation is considered essentially identical with 'Mediterranean to sub-Mediterranean Artemisia-Ephedra-Juniperus-Compositae steppe of mountainous regions' as defined by Frenzel & al. (1992) , the reconstruction of vegetation during the last glacial maximum (20.000 to 18.000 years ago) by Frenzel & al. (1992) suggests that the geographical range of Cousinia subg. Cousinia in the last glacial maximum was compressed in only the northern parts of its extant range. This in turn implies substantial changes in geographical distribution of species during the Quaternary. Considering the age of the crown group diversification of Cousinia subg. Cousinia (ca. 8.7 mya; Table 2 ) and the age of species which in most cases is older than the onset of the Quaternary (Fig. 5) , the climatic oscillations of the Quaternary do not appear to have resulted in widespread extinction of the group. Whether these climatic oscillations instead were a stimulus for speciation (through changes in geographical distribution), as found for, e.g., Primula L. sect. Auricula and Epimedium L. (Kadereit & al., 2004; Zhang & al., 2007) , we can not say without further analysis.
Cousinia tenella. -In all our analyses except the BI analysis of the rpS4-trnT-trnL dataset alone, C. tenella is sister to the Arctioid and Cousinioid clades. Support for the sister group relationship between the Arctioid and Cousinioid clades increases (BS = 94%, PP = 1.00; tree not shown) when C. tenella is removed from the data matrix.
Although only C. tenella was included in the datasets shown here, an enlarged ITS dataset of 216 species (not shown) shows C. pygmaea to be sister to C. tenella with 0.84 PP. Such relationship is plausible considering the great similarity between the two species which differ only in flower colour, relative length of corolla tube and limb and achene shape (Rechinger, 1972) . The placement of C. tenella in most of our analyses might suggest segregation of C. tenella and C. pygmaea from Cousinia subg. Cousinia. On the basis of karyology, pollen type and stigma morphology, however, C. tenella (and probably C. pygmaea) clearly falls into the Cousinioid clade. Cousinia tenella has 2n = 26 chromosomes according to Aryavand (1975) and Susanna & al. (2003b) , the Cousinioid pollen type and stigma morphology (Susanna, pers. comm.) . The fact that this species is resolved as sister to the rest of the Arctium-Cousinia complex probably is due to its annuality, autogamy and probably increased mutation rate. There exist other examples for unexpected placements of annuals in tribe Cardueae. In Echinops L., annual species together with the annual Acantholepis Less. are sister to the rest of the genus (Garnatje, 2005) ; in Ptilostemon Cass., the only annual species, Ptilostemon stellatus (L.) Greuter, is sister to the rest of the genus (Vilatersana & al., in prep.) ; and in subtribe Centaureinae the annual Schischkinia Iljin and Stizolophus Cass. are successive sisters to the rest of the subtribe (Garcia-Jacas & al., 2006) . In all these cases, the position of annuals as sister to the remainder of their respective groups is not congruent with morphology. Several authors have pointed out that annual plants often have an elevated rate of molecular evolution compared with perennials, explained by generation time, population size, and speciation rate (Bousquet & al., 1992; Laroche & al., 1997; Andreasen & Baldwin, 2001) . If this indeed should be the explanation for the unexpected placement of C. tenella, it is interesting to observe that this problem does not appear to exist for the equally annual C. bungeana/C. polytimetica/C. pusilla/C. prolifera lineage which clearly falls into the Cousinioid clade as expected from morphology. 
